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 We studied how different color lights cause gradients of photoinhibition within a 32 
leaf, to attempt to resolve the controversy whether photon absorption by chlorophyll or Mn is 33 
the primary cause of photoinhibition, suggested by the excess-energy hypothesis or the 34 
two-step hypothesis, respectively. 35 
Lincomycin-treated leaf-discs were photoinhibited by white, blue, green or red light. 36 
Combining a micro-fiber fluorometer, a fiber-thinning technique and a micro-manipulator 37 
enabled us to measure the chlorophyll fluorescence signals within a leaf. Photoinhibition 38 
gradients were also compared with results from various conventional fluorometers to estimate 39 
their depth of signal detection. 40 
 The severity of photoinhibition was in the descending order of blue, red and green 41 
light near the adaxial surface, and in the descending order of blue, green and red light in the 42 
deeper tissue, which is correlated with the chlorophyll and Mn absorption spectrum, 43 
respectively. These results cannot be explained by either hypothesis alone. 44 
 These data strongly suggest that (1) both the excess-energy and the two-step 45 
mechanisms occur in photoinhibition, and (2) fluorometers with red or blue measuring light 46 
give overestimated or underestimated Fv/Fm values of photoinhibited leaves compared with 47 
the whole tissue average, respectively; that is, they measured deeper or shallower leaf tissue, 48 
respectively. 49 
  50 
Keywords: chlorophyll fluorescence, excess-energy hypothesis, fluorometers, P700 redox 51 
kinetics, photoinhibition action spectra, two-step hypothesis 52 
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Abbreviations: ANOVA, analysis of variance; Fm or Fm’, maximum fluorescence in the fully 54 
relaxed state or in the light; Fo or Fo’, minimum fluorescence in the fully relaxed state or in 55 
the light; Fv or Fv’, variable fluorescence in the fully relaxed state or in the light, where Fv = 56 
Fm − Fo and Fv’ = Fm’ − Fo’; Fv/Fm, maximum photochemical efficiency of photochemistry in 57 
photosystem II of dark-adapted leaves; LED, light emitting diode array; P700, special 58 




There is a marked light gradient across the leaf (Terashima & Saeki, 1983; 62 
Vogelmann & Björn, 1984), analogous to the vertical light gradients in forests and herbaceous 63 
stands. Strong light often causes the photoinactivation of photosystem II (PSII), here termed 64 
photoinhibition for short. Because the extent of photoinhibition tends to increase with light 65 
intensity, the intra-leaf light gradient creates a gradient of photoinhibition within a leaf as 66 
already demonstrated (Schreiber et al., 1996). However, this intra-leaf photoinhibition 67 
gradient is usually neglected. Chlorophyll fluorescence instruments such as Pulse Amplitude 68 
Modulation (PAM) fluorometers usually collect fluorescence signals from only the adaxial 69 
side of leaves, giving little information about the depth of signal detection. The measuring 70 
light intensity diminishes with increasing depth in the tissue, and the possibility of 71 
re-absorption of the chlorophyll fluorescence signal is increased for the chlorophyll 72 
fluorescence emitted in the deeper tissue (Evans et al., 1993; Evans, 2009). In fact, based on 73 
close comparisons of the electron transport rates measured with chlorophyll fluorescence and 74 
with gas-exchange measurements, chlorophyll fluorescence data do not necessarily represent 75 
the photosynthetic status of the whole leaf tissue (Kingston-Smith et al., 1997; Tsuyama et al., 76 
2003). Therefore, the photodamage estimated by the conventional fluorescence techniques 77 
could be inaccurate, necessitating an evaluation of the difference between the extent of 78 
photoinhibition across the whole tissue and that measured with PAM instruments. 79 
Both the spectral composition of light and the absorption spectra of photosynthetic 80 
pigments influence the intra-leaf photoinhibition gradient. Green light is less absorbed by 81 
chlorophylls than blue or red light; therefore, at deeper leaf tissue, the intensity of green-light 82 
is higher than blue- or red-light (Vogelmann & Han, 2000; Brodersen & Vogelmann, 2010). 83 
A question thus arises: how do different color light gradients affect the gradients of 84 
photoinhibition within a leaf? 85 
There are two conflicting hypotheses on the mechanisms of the photoinhibition at 86 
present. One, termed the excess-energy hypothesis, is that excess-energy received by 87 
chlorophylls, neither utilized by photosynthesis nor dissipated harmlessly in 88 
non-photochemical quenching, causes photoinhibition (Ögren et al., 1984; Demmig & 89 
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Björkman, 1987; Osmond, 1994). The other, termed the two-step hypothesis, suggests that 90 
excitation of Mn in the oxygen-evolving complex by photons, accompanied by release of Mn 91 
from the Mn cluster, is the primary cause, while subsequent excitation of chlorophyll by 92 
photons leads to secondary damage to the reaction center of PSII (Hakala et al., 2005; Ohnishi 93 
et al., 2005). Because the absorbance spectra of chlorophylls and Mn are significantly 94 
different (Fig. 1a, b), the action spectra of photoinhibition should test both hypotheses. 95 
However, the light gradient across the leaf changes depending on the wavelength of the light 96 
(Fig. 2a). This means that the relative intensity of different color lights absorbed by 97 
chlorophyll or Mn depends on leaf depth (Fig. 2b, c). Thus, the relative magnitude of 98 
photoinhibition should also depend on both the light wavelength and leaf depth. According to 99 
this reasoning, the action spectrum of photoinhibition would be distorted compared with the 100 
absorption spectra of chlorophylls or Mn. Although the correlation between the absorption 101 
spectra of some Mn-compounds and the action spectrum of photoinhibition has been used as 102 
supporting evidence for the two-step hypothesis (Hakala et al., 2005; Ohnishi et al., 2005), the 103 
distortion of the action spectrum in the leaf has not been considered. Therefore, for discussing 104 
the relationships between the action spectrum for photoinhibition and the Mn/Chl-absorption 105 
spectra, it is necessary to study how photoinhibition gradients differ depending on color light 106 
sources used for inducing photoinhibition. 107 
The objectives of our study are 1) to show the different intra-leaf photoinhibition 108 
gradients inside leaves that were photoinhibited by different color lights, 2) to discuss the 109 
possibility of the involvement of dual mechanisms in photoinhibition in leaves (Oguchi et al., 110 
2009), and 3) to evaluate the difference between the extent of photoinhibition in the whole 111 
tissue and those measured with conventional chlorophyll fluorometers. According to the 112 
profiles of light absorption by chlorophyll and Mn across a leaf (Fig. 2b, c), we can predict 113 
the photoinhibition gradients in the two hypotheses. If only the excess-energy hypothesis is 114 
involved, the order of the extent of photoinhibition among different color lights in each depth 115 
should follow the light absorption curve of chlorophyll (Fig. 2b); therefore, the descending 116 
order should be blue, red and green near the adaxial surface, whereas blue is the least 117 
effective in deeper parts. On the other hand, if only the two-step mechanism is involved, the 118 
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order of the extent of photoinhibition among different color light in each depth should follow 119 
the light absorption curve of Mn (Fig. 2c); therefore, the descending order should be blue, 120 
green and red near the adaxial surface, and red is always the least effective across the leaf. To 121 
achieve the objectives, we improved a micro-fiber PAM system (Microfiber PAM, Walz, 122 
Effeltrich, Germany). Combining a micro-fiber PAM system, a fiber-thinning technique and a 123 
micro-manipulator system made it possible to accurately measure chlorophyll fluorescence 124 
signals inside the leaf. 125 
 126 
 127 
Materials and Methods 128 
Plant materials 129 
We used capsicum (Capsicum annuum L. ‘Newtown No. 3’) and spinach (Spinacia 130 
oleracea L. ‘Try’) leaves for the photoinhibition measurements. Capsicum plants were grown 131 
at 20ºC with an 8-h photoperiod (130 µmol m−2 s−1 for a total of 7 h and 660 µmol m−2 s−1 for 1 132 
h in mid-photoperiod) in 1.5-liter pots filled with vermiculite. Nutrients were supplemented 133 
weekly by a commercial nutrient solution (1/1000 strength of the Powder Hyponex N:P:K = 134 
13:12:38, Hyponex Japan, Osaka, Japan). Spinach plants were grown hydroponically at 23ºC 135 
with an 8-h photoperiod (350 µmol m−2 s−1) with the Hoagland nutrient solution containing 4 136 
mM KNO3, 4 mM Ca(NO3)2, 0.05 mM KH2PO4 and microelements. The hydroponic culture 137 
solution was renewed weekly. To see the effect of leaf thickness (only for the data presented 138 
in Fig. 9c,d) spinach plants were grown under a lower light condition at 170 µmol m−2 s−1 at 139 
23ºC with an 8-h photoperiod in 1.5-liter pots filled with vermiculite. Nutrients were weekly 140 
supplemented by a commercial nutrient solution (1/500 strength of the Hyponex solution, 141 
N:P:K = 6:10:5, Hyponex Japan). 142 
 143 
Photoinhibition treatment 144 
To inhibit repair processes in the PSII reaction center, leaf-discs (13 mm diameter) 145 
were treated with 1 mM lincomycin (an inhibitor of prokaryote-type protein synthesis) for at 146 
least 30 min in the dark before the photoinactivation treatment. One leaf-disc floating with the 147 
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irradiated side upwards on a 1 mM solution of lincomycin was photoinactivated for 1 hour, by 148 
white (400-700 nm), blue (400-500 nm), green (500-600 nm) or red (600-700 nm) light. The 149 
experiment was replicated 3 and 4 times for white-light treatment and 7 and 6 times for each 150 
of the other colors, in capsicum and spinach, respectively. Leaf-disc temperature was 151 
maintained at 25oC. The light source was a metal halide lamp (COLDSPOT PCS-UMX250, 152 
Nippon P•･I, Tokyo, Japan). Each color light (spectra shown in Fig. 1e) was obtained by a 153 
combination of a short- and a long-pass filter (CVI Melles Griot, New Mexico, USA). The 154 
irradiance was 1000 µmol m−2 s−1 (2000 µmol m−2 s−1 only for Fig. 9). 155 
 156 
Chlorophyll fluorescence measurements 157 
 The relative chlorophyll fluorescence yield inside the leaf was measured with a 158 
micro-fiber PAM fluorometer (Walz, Effeltrich, Germany). The detector was a 159 
photomultiplier (Hamamatsu Photonics, Shizuoka, Japan) and the light source for the 160 
measuring light and the saturating flash was a standard blue LED (peak emission 470 nm). A 161 
short-pass filter (λ < 600 nm) was used for the light source and a long-pass filter (λ > 640nm) 162 
for the detector. The end of the micro-fiber probe (diameter 140 µm) was tapered using a 163 
burner and a weight. The tapered fiber tip (diameter 30 µm) was cut with a razor. The quality 164 
of the tapered fiber was checked under a microscope in the dark to ensure the measuring light 165 
does not leak from the fiber, except at the end. A three-dimensional water pressure 166 
micro-scale manipulator (WR-60, Narishige Scientific Lab., Tokyo, Japan, 1 µm accuracy) 167 
was used to insert the fiber tip vertically into the leaf-disc. The leaf-disc was sandwiched by a 168 
holder having a hole of diameter 2.5 mm for the insertion. The position of the fiber tip with 169 
respect to the leaf surface was adjusted under a microscope. Two series of measurements 170 
were performed for each leaf-disc, one by inserting the fiber from the adaxial side and the 171 
other from the abaxial side. The abrupt decrease in chlorophyll fluorescence intensity, caused 172 
by the scarcity of chloroplasts in the epidermis, indicated that the fiber tip had reached the 173 
epidermis on the other side. Data obtained after the fiber tip had reached the epidermis of the 174 
other side were not included in the results. We also checked the leaf thickness with an 175 
adjustable measuring force micrometer (CLM1-15QM, Mitutoyo, Kanagawa, Japan) at a 176 
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controlled measurement pressure (0.5 N). In capsicum leaves the epidermis was about 50 µm 177 
thick, so that the tapered fiber measurements ended at 275 µm in depth although the leaf 178 
thickness was around 350 µm (see Table 1 and Figs. 3 and 5). The maximum photochemical 179 
efficiency of photochemistry in PSII of leaves dark-treated for at least 30 min was evaluated 180 
as Fv/Fm, where Fv = Fm − Fo (Krause & Weis, 1991). Fv/Fm values measured with the 181 
tapered fiber tips were compared with those measured with a non-tapered fiber with the 182 
micro-fiber PAM system and an “ordinary” PAM fluorometer (PAM101, 102 and 103, Walz) 183 
with red LED measuring light (101-ED, Walz). The non-tapered fiber was not inserted into 184 
leaves but was gently pressed against the adaxial or abaxial epidermis of leaves for 185 
fluorescence measurement. To calculate the depth at which Fv/Fm of the tapered fiber 186 
measurements is closest to the value obtained by conventional methods, we calculated the 187 
difference between (1) the Fv/Fm value at each depth of tapered fiber measurements and (2) 188 
that obtained with an conventional method; this was done for all four colors. The four 189 
differences were summed at each depth, the smallest sum corresponding to the equivalent 190 
depth. 191 
 We also measured the Fv/Fm values of capsicum and spinach leaves, which were 192 
lincomycin-treated and photoinhibited by white LED-light (1500 µmol m−2 s−1) for various 193 
durations, using five different fluorometers. The spectra of the white LED-light is shown in 194 
Fig. 1d. The photoinhibition durations were 20, 30, 45, 60, 90, 120, 180, 240 and 360 min for 195 
capsicum and 10, 30, 60, 90, 120, 150, 180, 240 and 360 min for spinach. We used five 196 
fluorometers to compare their Fv/Fm values with the PSII activity estimated by P700 redox 197 
kinetics (Fig. 8): a PAM101 system including 102 and 103 (Walz) with the red 198 
LED-measuring light (101-ED, Walz) or blue LED-measuring light (ED-101BL, Walz), a 199 
Mini PAM (Walz), a Dual-PAM100 (Walz) and a Plant Efficiency Analyzer (PEA meter, 200 
Hansatech, King’s Lynn, UK). 201 
 202 
Measurements of P700 redox kinetics 203 
 PSII activity was also measured by the P700 redox kinetics, which has shown a 204 
good correlation with PSII activity measured by oxygen-evolution per single-turnover 205 
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saturating flash (Losciale et al., 2008). The redox change of P700 was measured with a 206 
dual-wavelength (820/870 nm) unit (ED-P700DW) attached to a PAM fluorometer (Walz) 207 
and used in the reflectance mode (Chow & Hope, 2004). To obtain redox changes as the result 208 
of a flash superimposed on continuous far-red light, a steady-state was sought by illumination 209 
with far-red light (12 µmol photons m−2 s−1, peak wavelength 723 nm, 20 nm full width at half 210 
peak height, 102-FR, Walz) for ≥20 sec. Then a single-turnover saturating flash (Fiber Strobo 211 
FS-1J10, Nissin Electronic Co., Tokyo, Japan, or XST 103 xenon flash only for Fig. 8, Walz) 212 
was applied to the adaxial side of the leaf-disc. Immediately after the flash, P700 was fully 213 
oxidized, followed by reduction by electron flow from PSII induced by the same flash. 214 
Reduced P700 was then re-oxidized by far-red light back to the steady-state concentration. 215 
Timing the flash and the start of data acquisition (time constant = 95 µs), and the repetition 216 
rate of flash illumination, were controlled with a pulse/delay generator (Model 565 or 575, 217 
Berkeley Nucleonics Corporation, San Rafael, CA). The analogue output from the 218 
fluorometer was digitized and stored in a computer using a home-written program (by the late 219 
A. B. Hope). In this procedure, the area between the steady-state concentration of P700+ and 220 
the P700+ redox kinetics curve, P700 redox kinetics area, should be correlated with the 221 
cumulative electron flow from PSII to P700+ after a single-turnover flash. This electron flow 222 
from PSII per flash should equal the content of active PSII, where, in the very weak far-red 223 
light, the rate of cyclic electron flow is very low (see Losciale et al., 2008). 224 
 225 
Oxygen-evolution measurements 226 
To determine the correlation with PSII activity measured by P700 redox kinetics 227 
(Fig. 8c), the functional PSII content of the whole leaf tissue was quantified by flash-induced 228 
oxygen-evolution, using repetitive single-turnover, saturating xenon flashes (type FX200, EG 229 
and G) and assuming that each functional PSII evolves one O2 molecule after four flashes 230 
(Chow et al., 1989). A gas-phase oxygen electrode (Hansatech) was adapted to receive the 231 
single-turnover flashes (see Losciale et al., 2008). 232 
 233 
Spectrophotometric measurements 234 
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 After fluorescence measurements, the leaf-discs were used to determine chlorophyll 235 
content and chlorophyll a/b ratios spectrophotometrically after extraction with 236 
dimethylformamide (Porra et al., 1989). Although capsicum leaves were thinner than spinach 237 
leaves, the chlorophyll content and chlorophyll a/b ratio were higher (Table 1). The 238 
absorbance spectra of the extractions were also determined (Fig. 1c). 239 
 240 
Light profiles inside a leaf 241 
 Profiles of light intensity gradients and light absorption by chlorophyll (Fig. 2a, b) 242 
were calculated based on the original data kindly provided by Dr. J. R. Evans. These data 243 
were obtained by measurements of chlorophyll fluorescence intensity emitted by leaf cross 244 
sections using fluorescence microscopy according to Vogelmann & Evans (2002). The peak 245 
wavelengths of the lights used for excitation of chlorophylls were 450, 550 and 650 nm for 246 
blue, green and red light, respectively. The data were obtained for each 1/100 thickness of leaf. 247 
The profile of light absorption by Mn (Fig. 2c) was calculated from the light intensity 248 
gradient (Fig. 2a), the molecular absorption coefficient of Mn (Bodini et al. 1976, Fig. 1b) 249 
and the estimated Mn content in each 1/100 thickness of leaf, which was estimated by the 250 
profiles of chlorophyll (Vogelmann & Evans 2002) and electron transfer rate per chlorophyll 251 
(Terashima & Inoue 1985) across a leaf. We assumed that the distribution of Mn across a leaf 252 
follows the distribution of electron transfer rate across a leaf and that the amount of PSII in 253 
the leaf was 1 µmol m−2. The absorption coefficient of Mn cluster was estimated as follows. 254 
The kinetics of S-state of Mn cluster tends to be incrementally slowed. Half-times for 255 
reactions of S0-S1, S1-S2, S2-S3 and S3-S4 are taken as 30, 110, 350 and 1300 µs, respectively 256 
(Hillier and Messinger 2005). Therefore, the S-states of Mn clusters are biased towards S2 and 257 
S3. Suggested oxidation state of Mn cluster in each S-state are currently S0, III, III, III, IV; S1, 258 
III, III, IV, IV; S2, III, IV, IV, IV and S3, III, IV, IV, IV or IV, IV, IV, IV (Lubitz et al. 2008). 259 
Accordingly, we assumed 75 % Mn (IV) and 25% Mn (III) (Fig. S1). 260 
 261 
Statistical Analysis 262 
 Statistical analyses were performed with R statistical software (version 2.10.1; The 263 
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R Foundation for Statistical Computing). The one way ANOVA with the Bonferroni-Holm 264 
method as the post-hoc tests was used to test pairwise differences among different colors 265 
(Table 2 and Fig. 8). The three way ANOVA was used to test the difference in the steepness 266 
between photoinhibition gradients (0-250 µm) in leaves inhibited from the adaxial or abaxial 267 




The Fv/Fm measurements inside leaves using a tapered fiber PAM system showed 272 
photoinhibition gradients inside both capsicum and spinach leaves (Figs. 3 and 4). The figures 273 
contain the measurements starting from the adaxial side (squares) or the abaxial side (circles). 274 
Leaves were illuminated on the adaxial side in the photoinhibition treatments. For the tapered 275 
fiber measurements (Figs. 3a, d and 4a), the x-axis represents the depth from the adaxial side, 276 
0 µm meaning the adaxial surface. There was a very small decrease in Fv/Fm with 277 
non-inhibited leaves (closed symbols), when tapered fiber tips were inserted stepwise into the 278 
leaf tissue. This was probably caused by stain on the fiber tips due to the broken leaf tissue 279 
during the insertion. However, the decrease was small enough so that we did not have to 280 
analyze the measurements from the adaxial and the abaxial side separately. In leaves 281 
photoinhibited by white-light (400-700 nm, open symbols), the average Fv/Fm of the adaxial 282 
and the abaxial measurements increased from 0.42 ± 0.02 (SE) at the adaxial surface to 0.65 ± 283 
0.03 (SE) at the abaxial surface in capsicum (Fig. 3a) and from 0.46 ± 0.04 (SE) at the adaxial 284 
surface to 0.69 ± 0.02 (SE) at the abaxial surface in spinach (Figs 4a). These values agreed 285 
with values measured with the non-tapered fiber (Figs. 3b and 4b). On the other hand, the 286 
values measured with the ordinary PAM 101 system showed a smaller difference in Fv/Fm 287 
between the adaxial and abaxial sides of leaves (Figs. 3c and 4c). This was mainly caused by 288 
the higher Fv/Fm measured from the adaxial side than that obtained with the non-tapered fiber. 289 
When we compared the intra-leaf photoinhibition gradients among leaves that had 290 
been photoinhibited with different color lights, significantly different gradients were observed 291 
in both capsicum (Figs. 5) and spinach (Fig. 6). The slope was steeper following blue- or 292 
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red-light treatment than the more gradual one with green light. At the adaxial surface of 293 
leaves, the extent of photoinhibition was greatest in blue, followed by red and then green (see 294 
also Fig. 7a, d). In the middle of the lamina tissue, the extent of photoinhibition was greatest 295 
in blue, followed by green and then red (see also Fig. 7b, e). At the most abaxial sides, there 296 
was no significant difference in the photoinhibition among the different color lights (see also 297 
Fig. 7c, f). 298 
 We also measured PSII activity using P700 redox kinetics in capsicum (Figs. 3g 299 
and 5g). PSII activity thus measured has been shown to be well correlated with the O2 yield 300 
per single-turnover flash indicating that both methods give valid values of whole-tissue PSII 301 
activity (Losciale et al., 2008, see also Fig. 8c). The method using P700 redox kinetics is 302 
much quicker and more convenient than the measurement of O2 yield per single-turnover 303 
flash. To compare the Fv/Fm values with the values measured by P700 redox kinetics, we 304 
expressed the Fv/Fm values as a percentage of the values of non-photoinhibited leaves (Figs. 305 
3d-g and 5d-g). P700 redox kinetics gave a similar value as for the tissue at around 75 µm 306 
depth in the tapered fiber measurement, and always lower than the ordinary PAM 101 results. 307 
 We measured the relationship between the value of P700 redox kinetics and the 308 
Fv/Fm values measured with five typical fluorometers (Fig. 8a,b). As shown in Fig. 8c, 309 
estimation of PSII activity from P700 redox kinetics gave a good correlation with O2/flash for 310 
the whole leaf tissue. On the other hand, Fv/Fm measured by typical fluorometers showed 311 
curvilinear relationships with the value of P700 redox kinetics. Fluorometers with red 312 
measuring light tended to show higher values than those from P700 redox kinetics, indicating 313 
underestimation of photoinhibition. In contrast, fluorometers with blue measuring light tended 314 
to show lower values than that of P700 redox kinetics, indicating overestimation of the extent 315 
of photoinhibition in the whole tissue. 316 
 The effects of photoinhibition light intensity, growth light intensity, leaf thickness 317 
or directionality of illumination on the gradients of photoinhibition were also studied (Fig. 9). 318 
The trend of the gradient of photoinhibition was not changed by photoinhibition light with 319 
doubled light intensity (Fig. 9a) or with leaves grown in lower light (Fig. 9c). In the leaves 320 
photoinhibited from the abaxial side, the order of the extent of photoinhibition with different 321 
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Indications of dual mechanisms of photoinhibition 326 
The primary cause of photoinhibition, according to the excess-energy hypothesis, is 327 
photon absorption by chlorophylls (Jones & Kok, 1966; Osmond, 1981). On the other hand, 328 
the primary cause according to the two-step hypothesis is photon absorption by Mn (Hakala et 329 
al., 2005; Ohnishi et al., 2005). Because of the very lower content and lower molecular 330 
extinction coefficient of Mn than chlorophyll, the rate of photon absorption by Mn is much 331 
smaller than the photon absorption by chlorophyll (Fig. 2b,c). Therefore, the photoinhibition 332 
by the two-step mechanism should be rate limited by the light absorption by Mn. 333 
If only the excess-energy hypothesis was involved, the order of the extent of 334 
photoinhibition among different color lights in each depth should follow the light absorption 335 
curve of chlorophyll across a leaf (Fig. 2b). The order of the absorption by chlorophyll near 336 
the adaxial surface is blue, red and green, the same as the absorbance of chlorophylls a and b 337 
(Fig. 1a), and correlated with the results of the tapered fiber insertion near adaxial surface 338 
(Fig. 7a, d), supporting the excess-energy hypothesis. Nevertheless, concerning the whole leaf 339 
absorptance, the difference among the colors is significantly diminished by the effect of the 340 
elongation of optical path length due to intensive scattering (Larcher, 1994; Terashima et al., 341 
2009). The whole leaf shows almost the same absorptance in the blue and red regions (Fig. 342 
1d). This means that the amount of light absorbed by chlorophyll in the deeper tissue is higher 343 
in red than in blue, because blue light was preferentially depleted by the uppermost 344 
chloroplasts (Fig. 2b, Vogelmann & Han, 2000). However, the photoinhibition was still more 345 
severe in blue than in red in the deeper tissue (Fig. 7b, e). It is therefore difficult to explain 346 
these trends by the excess-energy hypothesis, without considering the effect of two-step 347 
hypothesis, which should be still higher in blue in deeper tissue (Fig. 2c). Further, the severity 348 
of photoinhibition of the whole tissue was in the descending order of blue, green and red, as 349 
indicated by the average Fv/Fm of the whole tissue and by the P700 redox kinetics (Table 2). 350 
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Green-light is absorbed to a lesser extent than red-light by chlorophyll in the whole tissue (Fig. 351 
1d). Therefore the excess-energy hypothesis alone cannot explain this order of the extent of 352 
photoinhibition in the whole tissue either. On the other hand, the absorbance of Mn is in the 353 
descending order of blue, green and red, correlating with the whole tissue results. This 354 
correlation is also supported by previous studies (Hakala et al., 2005; Ohnishi et al., 2005; 355 
Oguchi et al., 2009).  356 
However, the present study demonstrated a novel feature, viz, that red-light was 357 
more effective than green-light, near the surface facing the photoinhibitory light (Fig. 7a,d). If 358 
only the two-step mechanism is involved, the order of the extent of photoinhibition among 359 
different color light should follow the light absorption curve of Mn (Fig. 2c). Thus, the order 360 
of the extent of photoinhibition near the adaxial surface should be blue, green and red. 361 
Nonetheless, the results do not agree with this, but agree with the order of the light absorption 362 
by chlorophyll. Therefore, the results cannot be explained by the two-step mechanism, if we 363 
do not take the effect of excess energy mechanism into account. Previous studies have not 364 
been able to show that the action spectrum of photoinhibition is distorted depending on the 365 
depth of leaf tissue, because they ignored the photoinhibition gradient inside the leaf. 366 
 Accordingly, we suggest that our results with leaves support the involvement of 367 
both postulated mechanisms of photoinhibition. This suggestion is also supported by our 368 
previous paper (Oguchi et al., 2009), which showed that photoinhibition occurred in very low 369 
light (30 µmol m−2 s−1), the photoinhibition rate per photon being lower than in the high-light 370 
condition (950 µmol m−2 s−1). If only the excess-energy mechanism was involved, 371 
photoinhibition should not occur at all in low light, in which there is no excess energy. If, on 372 
the other hand, only the two-step mechanism was involved, the photoinhibition rate per 373 
photon should be equal between the low- and high-light conditions. Also we should note that 374 
these results do not rule out other mechanisms. Future studies are clearly needed. 375 
 The trend in which photoinhibition decreased in severity in the order of blue, red 376 
and green near the adaxial surface, but in the order of blue, green and red in deeper tissue, 377 
was also observed when photoinhibition was induced by the stronger light or the same 378 
experiment was conducted with low-light grown thin leaves (Fig. 9). We also photoinhibited 379 
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leaves by illuminating the abaxial side (Fig. 9b, d), which also indicated the same trend, but 380 
the slope near the illuminated surface was steepened. These results indicate that enhancement 381 
of absorption by strong scattering of light in the spongy tissue increased the light intensity 382 
gradient inside the tissue when leaves were illuminated on the abaxial side. 383 
 384 
The slope of photoinhibition gradient inside the leaf 385 
The gradient of photoinhibition was steeper in blue- and red-light than in 386 
green-light, indicating that the blue- and red-lights were absorbed strongly near the adaxial 387 
surface, but that green-light penetrated deeper in leaf tissue because the absorbance spectrum 388 
of chloroplasts has peaks at blue and red wavelengths (Fig. 1a and Fig. 2a). This was 389 
supported by previous studies that measured the light intensity gradient inside a leaf via the 390 
chlorophyll fluorescence intensity emitted from leaf cross sections (Koizumi et al., 1998; 391 
Brodersen & Vogelmann, 2010). In addition, Terashima et al. (2009) showed that the 392 
differential quantum yield of green light in strong background white-light was higher than 393 
that of red-light. 394 
In the present study, we floated the leaf-discs on lincomycin solution during the 395 
photoinhibition treatment to ensure inhibition of D1 protein synthesis. Therefore, 396 
photosynthesis was probably limited by the shortage of CO2 supply through abaxial stomata, 397 
which would increase the photoinhibition rate by the excess-energy mechanism (Sun et al., 398 
2006). In the absence of lincomycin, the net photoinhibition rate is slower because of D1 399 
protein synthesis. Therefore, the extent of photoinhibition should be smaller in the whole 400 
tissue and there may be no photoinhibition in the abaxial side of leaves in natural conditions. 401 
Nevertheless, the gradient of photoinhibition still exists and should not be ignored even in the 402 
studies where D1 protein synthesis is not inhibited. 403 
 404 
The accuracy and depth of signal detection of each instrument 405 
(i) The micro-fiber PAM 406 
The depth of tissue contributing to the signal detected by the micro-fiber PAM can 407 
be estimated by comparing the data of the tapered fiber measurements between the directions 408 
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of fiber insertion. In capsicum, the thickness of each epidermis was about 50 µm. There was 409 
little difference between the data in the measurements taken from the adaxial and abaxial side 410 
of the leaves (Figs. 3 and 5). Therefore, we can estimate the depth of tissue contributing to the 411 
detected signal as at most around 75 µm, the sum of epidermal thickness and the resolution of 412 
the measurement (25 µm). In the case of spinach, the epidermis was thinner (less than 25 µm) 413 
and still there was little difference between the data of the measurements taken from the 414 
adaxial and abaxial side of the leaves (Figs. 4 and 6). Therefore the depth of signal detection 415 
was probably shallower than 50 µm. Using the standard blue LED measuring light for the 416 
micro-fiber PAM system (peak emission 470 nm with a short-pass filter: λ < 600 nm) and a 417 
long-pass filter for the detector (λ > 640 nm) should make the depth of signal detection 418 
shallower, because the fluorescence signal between 640 and 700 nm from further afield 419 
should be more easily re-absorbed by chlorophylls. 420 
(ii) Instrument for monitoring PSII activity from P700 redox kinetics 421 
The PSII activity measured by P700 redox kinetics should indicate the whole tissue 422 
activity, because this measurement uses the change of absorption of 820/870 nm wavelength 423 
radiation, which is hardly absorbed by neutral chlorophyll molecules or other leaf pigments. 424 
Therefore this measuring light penetrates the deep tissue and is scattered by the complex 425 
intra-leaf structure and its path-length should be substantially increased, enabling the 820/870 426 
nm light to visit practically all the P700 in the tissue. In fact, internal multiple scattering in 427 
leaf tissue could increase the effective extinction coefficient of P700+ at 820 nm by an order 428 
of magnitude (Sacksteder & Kramer, 2000), though a lower increase was reported by Oja et al. 429 
(2004). Also in support of the P700 redox kinetics being a valid whole tissue measurement is 430 
our observation that measurements from the adaxial and the abaxial side of leaves showed 431 
almost the same value (Figs. 3g and 5g). The arithmetic mean of the % whole-tissue PSII 432 
activities measured with the tapered fiber was always slightly higher than the % PSII activity 433 
measured by P700 redox kinetics (Table 2). This is because the population of PSII is denser in 434 
palisade tissue than in spongy tissue, as indicated by vertical distribution of CO2 fixation 435 
capacity and that of chlorophyll content per unit thickness (Nishio et al., 1993; Vogelmann & 436 
Evans, 2002). The weighted average of Fv/Fm of the whole tissue, according to the profiles of 437 
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electron transfer rate per chlorophyll and of chlorophyll content (Terashima & Inoue 1985; 438 
Nishio et al., 1993) was closer to, but still greater than, the value obtained from P700 redox 439 
kinetics. The gradient of PSII profile of the leaves used in the present study might be steeper 440 
than the profile used in the calculation (Fig. S2). 441 
(iii) Conventional fluorometers 442 
Various PAM fluorometers showed significantly different Fv/Fm values depending 443 
on the instruments or measuring light sources (Fig. 8), probably because the different 444 
instruments measure different depths of leaf tissue. All PAM instruments use the same 445 
mechanism for the fluorescence measurement in which the instruments use weak pulsed 446 
measuring light for the excitation of chlorophylls and the pulsed fluorescence emission from 447 
chlorophyll a, having longer wavelength than the measuring light, is detected. However, 448 
different instruments have different measuring light sources and filters for the detector. The 449 
ordinary PAM system (PAM 101) uses a red (peak at 650 nm) or a blue (peak at 470 nm) 450 
LED light as the measuring light. In the case of red measuring light, the fluorescence is 451 
selected by a long-pass filter transmitting above about 710 nm. Therefore, the fluorescence 452 
from 710 to 800 nm is used as signal, which is not readily re-absorbed by chlorophylls, and 453 
the signals should be able to emerge from deeper tissue. On the other hand, in the case of blue 454 
measuring light, the fluorescence through either of the long-pass filters (Filters 1, λ > 710 nm; 455 
Filter 2, 710 nm > λ > 660 nm; and Filter 3, λ > 660 nm) is detected. With Filter 3, the 456 
fluorescence from 660 to 800 nm is used as signal. The fluorescence from chlorophylls 457 
mainly consists of wavelengths between 660 and 700 nm because the PSII chlorophyll 458 
fluorescence spectrum has a peak at around 685 nm (Govindjee, 2004). However the 459 
fluorescence emitted from leaves contains dominantly the wavelengths above 700 nm, 460 
because the fluorescence between 660 and 700 nm is readily re-absorbed by chlorophylls 461 
(Agati et al., 1993). Using blue excitation light, we estimated from fluorescence emission 462 
spectra of spinach leaf tissue at room temperature that about 25% of the fluorescence is 463 
between 660 and 700 nm (Fig. S3). This fluorescence between 660 and 700 nm should be 464 
derived from very shallow, therefore strongly-photoinhibited, tissue, which makes the Fv/Fm 465 
value lower than that measured with red-measuring light. The use of Filter 2 makes the 466 
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measuring depth still shallower, because the detector only samples from 660 nm to 710 nm. 467 
Supporting this hypothesis is that measurements with Filter 2 (triangles in Fig. 8) gave the 468 
lowest Fv/Fm, indicating that the shallowest tissue was sampled. This is also supported by 469 
Evans & Vogelmann (2003), who showed that measurement of quantum yield with 470 
fluorescence at 680 and 730 nm with blue measuring light differed. On the other hand, the 471 
measurements with Filter 1 in combination with blue measuring light still showed lower 472 
Fv/Fm than the measurements with red-measuring light, even when fluorescence signals were 473 
detected in the same wavelength band. This may be due to the strong absorption of 474 
blue-measuring light. Although the whole tissue absorptance is almost the same between blue 475 
and red (Fig. 1d), at the chloroplast level blue is better absorbed than red (Fig. 1a,c). 476 
Therefore the blue measuring light cannot penetrate the tissue as deeply as red measuring 477 
light (Fig. 2a, Vogelmann and Han 2000), hence the difference in the Fv/Fm reading. 478 
 The ordinary PAM 101 measurement from the adaxial side of a leaf with 479 
red-measuring light showed that Fv/Fm was closest to the results of the tapered fiber at the 480 
depth of 175 µm in capsicum and 200 µm in spinach. According to Fig. 8, this depth should 481 
be deeper than the depth corresponding to the average PSII activity of the whole tissue. 482 
Actually, the whole-tissue PSII activity measured by P700 redox kinetics area was closest to 483 
the results of the tapered fiber in the depth of 75 µm in capsicum (Figs. 3d,g and 5d,g). The 484 
depth from which other fluorometers measure should depend on the measuring light source 485 
and filter for the detector. According to Fig. 8, the PAM 100, mini PAM and Hansatech PEA 486 
meter seem to measure slightly shallower tissue than PAM 101 with a red-measuring light. 487 
PAM 101 with blue-measuring light measures still shallower tissue, as we described in the 488 
former paragraph. On the other hand, the ordinary PAM 101 measurement from the abaxial 489 
side with red-measuring light showed that it only measured signals from near the abaxial 490 
surface signals: 75 µm for capsicum and 50 µm for spinach. One reason may be that light 491 
scattering in the spongy tissue made the in situ absorption coefficient increase and the 492 
penetration of measuring light difficult (Terashima & Saeki 1983; Vogelmann & Evans, 493 
2002; Brodersen & Vogelmann, 2010). The other reason is described in the next paragraph. 494 
(iv) Variation of depth of signal detection with photoinhibition 495 
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The depth of signal detection using a given fluorometer may vary with the extent of 496 
photoinhibition. Usually, photoinhibition decreases Fm, thereby lowering Fv/Fm (= 1 − Fo/Fm ) 497 
in photoinhibited leaves (Oguchi et al., 2009). This means that the fluorescence emitted from 498 
photoinhibited chloroplasts is decreased. Therefore, when photoinhibition is more severe, the 499 
fluorescence from chloroplasts near the photoinhibitory illuminated side decreases, and the 500 
relative contribution of fluorescence from deeper tissue increases. This should increase the 501 
depth of signal detection by the fluorometer from the photoinhibitory illuminated side of 502 
leaves (and decrease the depth of signal detection from the non-illuminated side). Therefore, 503 
in the case of photoinhibited leaves, the fluorometers with red-measuring light detect deeper 504 
tissue than the average of the whole tissue. However, in the case of non-photoinhibited leaves, 505 
the fluorometers with red-measuring light measures shallower tissue than the representative 506 
depth of the average electron transfer rate of the whole tissue. It was observed that the 507 
electron transfer rate measured with chlorophyll fluorescence with red measuring light was 508 
lower than the rate measured with gas-exchange measurement (Tsuyama et al., 2003). This is 509 
because the electron transfer rate is calculated from φPSII, the quantum yield of PSII averaged 510 
over closed and open PSII traps assayed with chlorophyll fluorescence. It should be noted that 511 
φPSII = qP × Fv’/Fm’, where qP is a measure of the oxidation state of the primary quinone 512 
acceptor in PSII. Both qP and Fv’/Fm’ in the shallower tissue are expected to be lower than the 513 
average of the whole tissue due to the effect of light gradient inside a leaf (see Terashima et al. 514 
2009 for Fv’/Fm’). 515 
(v) Hard leaves 516 
In the current technique, it is difficult to insert the tapered fiber tips into hard leaves such as 517 
woody plant leaves or evergreen leaves. One would expect, however, that those leaves have 518 
larger thickness and a higher content of chlorophylls than herbaceous leaves (Poorter et al., 519 
2009; Hallik et al., 2009), making the photoinhibition gradient steeper and the photoinhibition 520 
difference between adaxial surface and abaxial surface greater. It is also expected that the 521 
measuring depth of fluorometers relative to the leaf thickness would be decreased in these 522 
leaves. Indeed, Losciale et al. (2008) showed that the extent of overestimation of 523 
photoinhibition was significantly larger in Fv/Fm measurements in Prunus persica L. leaves 524 
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with the PAM 101 (blue measuring light) than that of capsicum, barley or Arabidopsis. 525 
Therefore, when chlorophyll fluorescence studies are conducted with these hard leaves, more 526 
attention to the effect of photoinhibition gradient inside the leaf is needed.  527 
(vi) A precaution in correlating chlorophyll fluorescence with other techniques. 528 
Currently many researchers use non-invasive, rapid chlorophyll fluorescence 529 
techniques for estimating photoinhibition, PSII activity, electron transfer rates and other 530 
photochemical/non-photochemical parameters (Baker, 2008; Evans, 2009). These parameters 531 
are used for estimating photosynthetic activity on scales from the leaf to the stand level as 532 
well (Cavender-Bares & Bazzaz, 2004; Hikosaka et al., 2004; Grace et al., 2007; Meroni et al., 533 
2009). Fluorescence measurements (on localized parts of a sample) are also compared with 534 
gas exchange measurements (on the whole sample) or spectrophotometric measurements to 535 
estimate the mesophyll conductance (Harley et al., 1992; Pons et al., 2009) or the PSI cyclic 536 
electron flow rate (Joliot & Joliot, 2002; Laisk et al., 2005), respectively. However, the 537 
chlorophyll fluorescence methods are not necessarily representative of the whole tissue 538 
activity, as confirmed by the present study. Therefore, it is necessary to adjust these 539 
fluorescence values for estimating the whole tissue activity in a way that depends on plant 540 
species and fluorometers. 541 
 542 
Conclusion 543 
Different photoinhibition gradients were observed among the different color lights 544 
used in photoinhibition. The results of photoinhibition gradient across the leaf were 545 
intermediate of the predictions of the excess-energy mechanism and the two-step mechanism, 546 
supporting our suggestion that both of the proposed mechanisms are involved in 547 
photoinhibition. 548 
Different conventional PAM fluorometers measured different depths of the leaf 549 
tissue; fluorometers with red-measuring light measure deeper leaf tissue than those with 550 
blue-measuring light. Because there is a photoinhibition gradient inside a leaf, fluorometers 551 
with red-measuring light tends to underestimate, and the fluorometers with blue-measuring 552 
light tends to overestimate the extent of photoinhibition of herbaceous plants. We should not 553 
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ignore the intra-leaf photoinhibition gradient, bearing in mind the fact that depth from which 554 
we are collecting fluorescence signals differs depending on the instruments and materials. 555 
 556 
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Figure Legends 748 
 749 
Figure 1 (a) Molecular extinction coefficient of chlorophyll a (solid-line) and chlorophyll b 750 
(broken-line) in diethyl ether, adapted from Ohashi et al. (2008); (b), molecular extinction 751 
coefficient of model compounds, Mn (II) gluconate (dotted-line), Mn (III) gluconate 752 
(broken-line) and Mn (IV) gluconate (solid-line), adapted from Bodini et al. (1996); (c), 753 
absorbance spectra of dimethylformamide extractions of capsicum (solid-line) and spinach 754 
(broken-line) leaves; (d), absorptance spectrum of whole leaf tissue of spinach; (e), light 755 
intensity spectra of photoinhibition light sources; (f), light intensity spectra of growth light 756 
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sources. In (c), the peak near 660 nm should be shifted to near 680 nm in vivo (Govindjee, 757 
2004). In (e), the photon flux density of blue (400-500 nm), green (500-600 nm) and red 758 
(600-700 nm) wavelengths was 29%, 53% and 18% for white light (black-line), 34%, 46% 759 
and 20% for white LED light (broken-line), 82%, 6% and 11% for blue-light (blue line), 1%, 760 
97% and 2% for green light (green line), and 0%, 3% and 97% for red light (red line). The 761 
total photon flux density was 1000 µmol m−2 s−1. In (f), the total photon flux density of growth 762 
light of capsicum (solid-line) was 660 µmol m−2 s−1 and that of spinach (broken-line) was 350 763 
µmol m−2 s−1. 764 
 765 
Figure 2 (a) Gradients of light intensity among different color lights measured by chlorophyll 766 
fluorescence emission from a cross sectioned leaf; (b) light absorption by chlorophyll 767 
estimated for each 1/100 leaf thickness; and (c) predicted light absorption by Mn in PSII per 768 
1/100 leaf thickness across a leaf. The data of gradients of light intensities and light 769 
absorption by chlorophyll were kindly provided by Dr. J. R. Evans (re-calculated from 770 
Vogelmann & Evans 2002). The gradient of light absorption by Mn is calculated using the 771 
data of light intensity gradient (a), Mn-absorbance spectrum (Fig. 1b), the profile of 772 
chlorophyll distribution (Vogelmann & Evans 2002) and the profile of electron transport rate 773 
per chlorophyll distribution inside the leaf (Terashima & Inoue 1985). For details, see 774 
Materials and Methods and supporting information (Figs. S1 and S2). 775 
 776 
Figure 3 The gradient of Fv/Fm (a) and the gradient of PSII activity (%) compared to 777 
non-photoinhibited leaves (d) inside photoinhibited capsicum leaves, measured by tapered 778 
fiber tips with the micro-fiber PAM system. Values are compared with those measured by 779 
non-tapered fiber (b and e), PAM 101 with red LED light source (c and f) and P700 redox 780 
kinetics (g). Leaf-discs were photoinhibited with white light (400-700 nm, open symbols) and 781 
were measured from the adaxial side (squares) and abaxial side (circles) of the leaves. Closed 782 
symbols indicate non-photoinhibited leaves. In (d), (e) and (f), PSII activity (%) was 783 
calculated as (Fv/Fm of photoinhibited leaves ÷ Fv/Fm of non-photoinhibited leaves) × 100. 784 
Averages of 3-5 measurements for control and of 3 measurements for white-light 785 
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photoinhibition are shown. Error bars indicate standard errors. 786 
 787 
Figure 4 The gradient of Fv/Fm inside photoinhibited spinach leaves (a), measured by tapered 788 
fiber tips with the micro-fiber PAM system. The Fv/Fm values are compared with those 789 
measured by non-tapered fiber (b) and PAM 101 with red LED light source (c). Leaf discs 790 
were photoinhibited by white light (400-700 nm, open symbols) and measured from the 791 
adaxial side (squares) and abaxial side (circles) of the leaves. Closed symbols indicate 792 
non-photoinhibited leaves. Averages of 7 measurements for control and of 3-4 measurements 793 
for white-light photoinhibition are shown. Error bars indicate standard errors. 794 
 795 
Figure 5 The gradient of Fv/Fm (a) and the gradient of PSII activity (%) compared to 796 
non-photoinhibited leaves (d) inside photoinhibited capsicum leaves, which were measured 797 
by tapered fiber tips with the micro-fiber PAM system. The values are compared with those 798 
obtained by non-tapered fiber (b and e), PAM 101 with red LED light source (c and f) and 799 
P700 redox kinetics (g). Leaf-discs were photoinhibited by blue light (400-500 nm, squares), 800 
green light (500-600 nm, circles) and red light (600-700 nm, triangles) and measured from the 801 
adaxial side (closed symbols) and the abaxial side (open symbols) of the leaves. In (d, e and f), 802 
PSII activity (%) was calculated as (Fv/Fm of photoinhibited leaves ÷ Fv/Fm of 803 
non-photoinhibited leaves) × 100. Averages of 4-9 measurements are shown. Error bars 804 
indicate standard errors. The third order of polynomials were used for the regressions. A 805 
preliminary result of panel (a) was published in Terashima et al. (2009). 806 
 807 
Figure 6 The gradient of Fv/Fm inside photoinhibited spinach leaves (a), measured by tapered 808 
fiber tips with the micro-fiber PAM system. Fv/Fm values are compared with those measured 809 
by non-tapered fiber (b) and PAM101 with red LED-light source (c). Leaf-discs were 810 
photoinhibited by blue-light (400-500 nm, squares), green-light (500-600 nm, circles) and 811 
red-light (600-700 nm, triangles) and were measured from the adaxial side (closed symbols) 812 
or the abaxial side (open symbols) of leaves. Averages of 4-6 measurements are shown. Error 813 
bars indicate standard errors. The third order polynomials were used for the regressions. 814 
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 815 
Figure 7 The Fv/Fm at the most adaxial side (a, d), middle (b, e) and most abaxial side (c, f) 816 
of leaves of capsicum (a, b, c) and spinach (d, e, f). Fv/Fm values were averages of both 817 
measurements from the adaxial and from the abaxial side of leaves. The depth of the most 818 
adaxial side, middle and most abaxial side were 0, 150, 275 µm and 0, 200 and 400 µm for 819 
capsicum and spinach, respectively. Lower case letters indicate significance at P < 0.05 with a 820 
one way analysis of variance with the Bonferroni-Holm method as the post-hoc tests for 821 
pairwise differences among different colors. The averages of 9-13 measurements are shown. 822 
Error bars indicate standard errors. 823 
 824 
Figure 8 The relationship between PSII activity (%) measured by P700 redox kinetics area 825 
and Fv/Fm (%) measured with 5 PAM instruments in capsicum (a) and in spinach (b). Red 826 
symbols represent instruments using red LED light as measuring light (squares, PAM101; 827 
diamonds, miniPAM; inverted triangles, PEA meter; and crosses, PAM100). Blue symbols 828 
represent PAM 101 using blue LED light source (beveled crosses, filter1, λ > 710 nm; 829 
triangles, filter 2, 710 nm > λ > 660 nm; and circles, filter 3, λ > 660 nm). Control Fv/Fm 830 
values of squares, diamonds, inverted triangles, crosses, beveled crosses, triangles and circles 831 
were 0.790, 0.785, 0.791, 0.796, 0.783, 0.81 and 0.804 for capsicum and 0.817, 0.812, 0.821, 832 
0.824, 0.799, 0.816 and 0.811 for spinach. In capsicum the PSII activity (%) measured by 833 
P700 redox kinetics area are also compared with PSII activity % measured by O2 evolution 834 
per flash (c). See texts in Materials & Methods for P700 redox kinetics area measurements. 835 
 836 
Figure 9 The gradient of Fv/Fm inside leaves of spinach grown in high-light (a, b) or low-light 837 
(c, d), measured by tapered fiber tips with the micro-fiber PAM system. Leaf-discs were 838 
photoinhibited from the adaxial side (a, c) or the abaxial side (b, d) by blue light (400-500 nm, 839 
squares), green light (500-600 nm, circles) and red light (600-700 nm, triangles) at an 840 
increased intensity of 2000 µmol m−2 s−1. The averages of 3-5 measurements for high-light 841 
grown leaves and of 4-9 measurements for low-light grown leaves are shown. Averages 842 
include both of measurements from the adaxial side and the abaxial side of leaves. Error bars 843 
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indicate standard errors. Expressions of the third order were used for the regressions. 844 
 845 
Figure S1 Predicted molecular extinction coefficient of the Mn cluster. The oxidation state of 846 
the Mn cluster was taken as 25 % Mn (III) and 75 % Mn (IV) (solid-line). For comparison, 847 
data for 17 % Mn (III) and 83 % Mn (IV) are also shown (broken line). 848 
 849 
Figure S2 Profiles of chlorophyll content (a); electron transfer rate per chlorophyll 850 
(dichloroindophenol reduction rate per chlorophyll) (b); and predicted PSII content (c) across 851 
a leaf. In (a), data were adapted from Vogelmann & Evans (2002) (open-circles and 852 
solid-line) and Nishio et al. (1993) (closed-circles and broken-line, the third order polynomial 853 
was used for the regression). In (b), data were adapted from Terashima & Inoue (1985). The 854 
second order polynomial was used for the regression. In (c), PSII content were calculated as 855 
the product of the electron transfer rate per chlorophyll (b) and chlorophyll content (a). The 856 
solid-line in (c) used the data of Vogelmann & Evans (2002) and was used for the calculation 857 
of Fig. 2c. The broken-line used the data of Nishio et al. (1993) and was used for the 858 
calculation of the weighted average of the whole tissue Fv/Fm % (Fv/Fm % Cal in Table 2). 859 
Because the thickness of leaves measured by Nishio et al. (1993) was closer to our materials, 860 
we used the broken-line for the calculation in Table 2. 861 
 862 
Figure S3 Light intensity spectra of chlorophyll fluorescence detected from a leaf at room 863 





Table 1 Leaf thickness, chlorophyll (Chl) content and chlorophyll a/b ratios of capsicum and 868 
spinach leaves. Averages (26-32 measurements for capsicum and 19-20 measurements for 869 
spinach) and standard errors are shown. 870 
  Leaf thickness (µm) Chl content (mmol m−2) Chl a/b 
Capsicum 0.356 ± 0.012 0.394 ± 0.028 3.92 ± 0.06 




Table 2 Averages of whole-tissue Fv/Fm values from tapered fiber measurements (Fv/Fm and 873 
Fv/Fm %) and whole-tissue measurements of PSII activity estimated from P700 redox kinetics 874 
area (P700 area %). See texts in Materials & Methods for P700 redox kinetics area 875 
measurements. We also calculated the weighted average of whole-tissue Fv/Fm % (Fv/Fm % 876 
Cal), according to the profile of electron transfer rate across a leaf (Terashima & Inoue 1985, 877 
Nishio et al. 1993, Fig. S2). The averages of both measurements from the adaxial and the 878 
abaxial side of leaves (8-13 measurements) and standard errors are shown. Lower case letters 879 
indicate significance at P < 0.05 with a one way analysis of variance with the 880 
Bonferroni-Holm method as the post-hoc tests for pairwise differences among different 881 
colors. 882 
  Blue Green Red 
Capsicum Fv/Fm 0.459 ± 0.024 a 0.534 ± 0.015 b 0.568 ± 0.014 b 
 Fv/Fm % 65.0 ± 3.4 a 75.5 ± 2.2 b 80.3 ± 2.0 b 
 Fv/Fm % Cal 59.7 ± 3.8 a 71.1 ± 1.9 b 76.6 ± 2.3 b 
 P700 area % 53.4 ± 3.6 a 65.7 ± 3.6 ab 77.5 ± 5.5 b 
Spinach Fv/Fm 0.530 ± 0.025 a 0.631 ± 0.018 b 0.663 ± 0.009 b 
 Fv/Fm % 71.2 ± 3.5 a 84.9 ± 2.5 b 89.6 ± 1.4 b 





Figure 1 (a) Molecular extinction coefficient of chlorophyll a (solid-line) and chlorophyll b 886 
(broken-line) in diethyl ether, adapted from Ohashi et al. (2008); (b), molecular extinction 887 
coefficient of model compounds, Mn (II) gluconate (dotted-line), Mn (III) gluconate 888 
(broken-line) and Mn (IV) gluconate (solid-line), adapted from Bodini et al. (1976); (c), 889 
absorbance spectra of dimethylformamide extractions of capsicum (solid-line) and spinach 890 
(broken-line) leaves; (d), absorptance spectrum of whole leaf tissue of spinach; (e), light 891 
intensity spectra of photoinhibition light sources; (f), light intensity spectra of growth light 892 
sources. In (c), the peak near 660 nm should be shifted to near 680 nm in vivo (Govindjee, 893 
2004). In (e), the photon flux density of blue (400-500 nm), green (500-600 nm) and red 894 
(600-700 nm) wavelengths was 29%, 53% and 18% for white light (black-line), 34%, 46% 895 
and 20% for white LED light (broken-line), 82%, 6% and 11% for blue-light (blue line), 1%, 896 
97% and 2% for green light (green line), and 0%, 3% and 97% for red light (red line). The 897 
total photon flux density was 1000 µmol m−2 s−1. In (f), the total photon flux density of growth 898 
light of capsicum (solid-line) was 660 µmol m−2 s−1 and that of spinach (broken-line) was 350 899 




Figure 2 (a) Gradients of light intensity among different color lights measured by chlorophyll 903 
fluorescence emission from a cross sectioned leaf; (b) light absorption by chlorophyll 904 
estimated for each 1/100 leaf thickness; and (c) predicted light absorption by Mn in PSII per 905 
1/100 leaf thickness across a leaf. The data of gradients of light intensities and light 906 
absorption by chlorophyll were kindly provided by Dr. J. R. Evans (re-calculated from 907 
Vogelmann & Evans 2002). The gradient of light absorption by Mn is calculated using the 908 
data of light intensity gradient (a), Mn-absorbance spectrum (Fig. 1b), the profile of 909 
chlorophyll distribution (Vogelmann & Evans 2002) and the profile of electron transport rate 910 
per chlorophyll distribution inside the leaf (Terashima & Inoue 1985). For details, see 911 




Figure 3 The gradient of Fv/Fm (a) and the gradient of PSII activity (%) compared to 915 
non-photoinhibited leaves (d) inside photoinhibited capsicum leaves, measured by tapered 916 
fiber tips with the micro-fiber PAM system. Values are compared with those measured by 917 
non-tapered fiber (b and e), PAM 101 with red LED light source (c and f) and P700 redox 918 
kinetics (g). Leaf-discs were photoinhibited with white light (400-700 nm, open symbols) and 919 
were measured from the adaxial side (squares) and abaxial side (circles) of the leaves. Closed 920 
symbols indicate non-photoinhibited leaves. In (d), (e) and (f), PSII activity (%) was 921 
calculated as (Fv/Fm of photoinhibited leaves ÷ Fv/Fm of non-photoinhibited leaves) × 100. 922 
Averages of 3-5 measurements for control and of 3 measurements for white-light 923 




Figure 4 The gradient of Fv/Fm inside photoinhibited spinach leaves (a), measured by tapered 927 
fiber tips with the micro-fiber PAM system. The Fv/Fm values are compared with those 928 
measured by non-tapered fiber (b) and PAM 101 with red LED light source (c). Leaf discs 929 
were photoinhibited by white light (400-700 nm, open symbols) and measured from the 930 
adaxial side (squares) and abaxial side (circles) of the leaves. Closed symbols indicate 931 
non-photoinhibited leaves. Averages of 7 measurements for control and of 3-4 measurements 932 




Figure 5 The gradient of Fv/Fm (a) and the gradient of PSII activity (%) compared to 936 
non-photoinhibited leaves (d) inside photoinhibited capsicum leaves, which were measured 937 
by tapered fiber tips with the micro-fiber PAM system. The values are compared with those 938 
obtained by non-tapered fiber (b and e), PAM 101 with red LED light source (c and f) and 939 
P700 redox kinetics (g). Leaf-discs were photoinhibited by blue light (400-500 nm, squares), 940 
green light (500-600 nm, circles) and red light (600-700 nm, triangles) and measured from the 941 
adaxial side (closed symbols) and the abaxial side (open symbols) of the leaves. In (d, e and f), 942 
PSII activity (%) was calculated as (Fv/Fm of photoinhibited leaves ÷ Fv/Fm of 943 
non-photoinhibited leaves) × 100. Averages of 4-9 measurements are shown. Error bars 944 
indicate standard errors. The third order of polynomials were used for the regressions. A 945 
preliminary result of panel (a) was published in Terashima et al. (2009). 946 
947 
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  948 
Figure 6 The gradient of Fv/Fm inside photoinhibited spinach leaves (a), measured by tapered 949 
fiber tips with the micro-fiber PAM system. Fv/Fm values are compared with those measured 950 
by non-tapered fiber (b) and PAM101 with red LED-light source (c). Leaf-discs were 951 
photoinhibited by blue-light (400-500 nm, squares), green-light (500-600 nm, circles) and 952 
red-light (600-700 nm, triangles) and were measured from the adaxial side (closed symbols) 953 
or the abaxial side (open symbols) of leaves. Averages of 4-6 measurements are shown. Error 954 




Figure 7 The Fv/Fm at the most adaxial side (a, d), middle (b, e) and most abaxial side (c, f) 958 
of leaves of capsicum (a, b, c) and spinach (d, e, f). Fv/Fm values were averages of both 959 
measurements from the adaxial and from the abaxial side of leaves. The depth of the most 960 
adaxial side, middle and most abaxial side were 0, 150, 275 µm and 0, 200 and 400 µm for 961 
capsicum and spinach, respectively. Lower case letters indicate significance at P < 0.05 with a 962 
one way analysis of variance with the Bonferroni-Holm method as the post-hoc tests for 963 
pairwise differences among different colors. The averages of 9-13 measurements are shown. 964 
Error bars indicate standard errors. 965 
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 966 
Figure 8 The relationship between PSII activity (%) measured by P700 redox kinetics area 967 
and Fv/Fm (%) measured with 5 PAM instruments in capsicum (a) and in spinach (b). Red 968 
symbols represent instruments using red LED light as measuring light (squares, PAM101; 969 
diamonds, miniPAM; inverted triangles, PEA meter; and crosses, PAM100). Blue symbols 970 
represent PAM 101 using blue LED light source (beveled crosses, filter1, λ > 710 nm; 971 
triangles, filter 2, 710 nm > λ > 660 nm; and circles, filter 3, λ > 660 nm). Control Fv/Fm 972 
values of squares, diamonds, inverted triangles, crosses, beveled crosses, triangles and circles 973 
were 0.790, 0.785, 0.791, 0.796, 0.783, 0.81 and 0.804 for capsicum and 0.817, 0.812, 0.821, 974 
0.824, 0.799, 0.816 and 0.811 for spinach. In capsicum the PSII activity (%) measured by 975 
P700 redox kinetics area are also compared with PSII activity % measured by O2 evolution 976 




Figure 9 The gradient of Fv/Fm inside leaves of spinach grown in high-light (a, b) or low-light 980 
(c, d), measured by tapered fiber tips with the micro-fiber PAM system. Leaf-discs were 981 
photoinhibited from the adaxial side (a, c) or the abaxial side (b, d) by blue light (400-500 nm, 982 
squares), green light (500-600 nm, circles) and red light (600-700 nm, triangles) at an 983 
increased intensity of 2000 µmol m−2 s−1. The averages of 3-5 measurements for high-light 984 
grown leaves and of 4-9 measurements for low-light grown leaves are shown. Averages 985 
include both of measurements from the adaxial side and the abaxial side of leaves. Error bars 986 




Figure S1 Predicted molecular extinction coefficient of the Mn cluster. The oxidation state of 990 
the Mn cluster was taken as 25 % Mn (III) and 75 % Mn (IV) (solid-line). For comparison, 991 




Figure S2 Profiles of chlorophyll content (a); electron transfer rate per chlorophyll 995 
(dichloroindophenol reduction rate per chlorophyll) (b); and predicted PSII content (c) across 996 
a leaf. In (a), data were adapted from Vogelmann & Evans (2002) (open-circles and 997 
solid-line) and Nishio et al. (1993) (closed-circles and broken-line, the third order polynomial 998 
was used for the regression). In (b), data were adapted from Terashima & Inoue (1985). The 999 
second order polynomial was used for the regression. In (c), PSII content were calculated as 1000 
the product of the electron transfer rate per chlorophyll (b) and chlorophyll content (a). The 1001 
solid-line in (c) used the data of Vogelmann & Evans (2002) and was used for the calculation 1002 
of Fig. 2c. The broken-line used the data of Nishio et al. (1993) and was used for the 1003 
calculation of the weighted average of the whole tissue Fv/Fm % (Fv/Fm % Cal in Table 2). 1004 
Because the thickness of leaves measured by Nishio et al. (1993) was closer to our materials, 1005 




Figure S3 Light intensity spectra of chlorophyll fluorescence detected from a leaf at room 1009 
temperature. The intensity was corrected for instrumental sensitivity as a function of 1010 
wavelength. 1011 
